Introduction
For many metals, failure is closely linked with the processes that take place in their microstructure. The knowledge of the phenomena is essential to model the material failure. This is particularly important in the case of structural steels used for engineering purposes as the information helps predict the time of failure of an entire structure.
Microstructural observations of the failure processes in many metallic materials reveal that there are three major mechanisms of fracture: brittle fracture, shear fracture and ductile fracture. Ductile fracture is typical of basic structural steels used in civil engineering. The failure phenomena are due to the presence of microstructural defects in the form of voids, as shown schematically in Fig. 1 . During deformation, voids form at inclusions and precipitates because their stiffness is higher than that of the matrix. The failure of the material is thus dependent on the void growth, which is the most important phenomenon observed during the damage processes taking place in the material microstructure.
The formation of microdefects has influence on the material behaviour in the macroscale causing, for instance, a decrease in the material strength (see the stress-strain σ(ε) curve in Fig 2) . Fig. 2 . Decrease in the strength of the material due to the growth of microstructural defects described by the damage parameter d [2] After the stress reaches a maximum, it begins to drop and necking is observed. Simultaneously, there is a significant rise in the void growth rate resulting in an increase in the volume of microdefects [3] [4] . The prevailing state of stress also changes, especially when the stress triaxialities are high. These phenomena have been described by researchers looking for a measurable parameter to determine the relationship between the formation of microdefects and the reduction in stress σ in the material. According to the most general approach, the influence of the defect formation on the material strength can be described using the damage parameter d; it is written as a general formula:
As can be seen, the values of stress determined by taking into account microdefects (σ d ) are much lower than those determined using the assumptions of the continuum mechanics of solids (σ). The material fails when the damage defined by the damage parameter d reaches a critical value, i.e. when d = 1.
Since the effect of microdefects on the material strength at each stage of failure is so clear, it should be taken into consideration in many material models describing the response and behaviour of a material undergoing various deformations until it fractures. For example, Kachanov characterised this phenomenon using the damage parameter, which is defined as the damaged area divided by the unaffected area [5] . Some material models based on failure mechanics were developed later. An original approach was presented in 1977 by Gurson, who linked the material damage with the volume of microdefects characterised by the so-called void volume fraction f [6] .
According to this model, a void exists physically in a unit cell of a material, as shown schematically in Fig. 3a . The void volume fraction f is defined as f = V v /V, where V v is the volume of the voids and V is the volume of the material. Thus, the void volume fraction f is described as randomly distributed cavities (Fig. 3b) . The original Gurson model was developed by several authors. The major modification was made by Tvergaard and it involved introducing the coefficients q i , which define the plastic properties of the material [7] . Then, Tvergaard and Needleman redefined the function of void volume fraction f as f * [8] . Now the Gurson yield function is commonly defined as the GursonTvergaard-Needleman (GNT) material model and it is expressed in the following form: (with σ 1 , σ 2 , σ 3 being the principal stresses), σ 0 -flow stress of the matrix material (yield stress), σ m -hydrostatic stress, f * -modified void volume fraction and q i -Tvergaard coefficients.
The typical values of the Tvergaard coefficients used for metallic materials are: q 1 = 1.5, q 2 = 1.0 and q 3 = q 1 2 = 2.25 [7] [8] [9] .
For years, the values were treated as constants, which can be easily found in the literature. Then, however, it was revealed that the Tvergaard coefficients were dependent on the elastic and strength properties of the material, i.e. the modulus of elasticity E, the yield strength σ 0 and the strain hardening exponent N [10] . The values of the Tvergaard coefficients for S235JR steel determined using this assumption are: q 1 = 1.90, q 2 = 0.81 and q 3 = q 1 2 = 3.61 [4] .
The modified void volume fraction f * determines the influence of microdefects on the stress state. While the material undergoes plastic deformation, its value changes according to the following function: where: f c -critical void volume fraction corresponding to the onset of void coalescence, f F -critical void volume fraction corresponding to the material failure.
Tvergaard and Needleman modified the original Gurson function of the void volume fraction f in order to model the material failure for a case when the void volume fraction f is higher than the critical void volume fraction f c until the stress capacity is lost. As can be seen from formula (2), the modified void volume fraction f * changes depending on the relationship between the void volume fraction f and the critical void volume fraction f c , with the latter corresponding to the onset of void coalescence. In the range when f is higher than f c , the modified void volume fraction f * is a function of the Tvergaard coefficient q 1 and the critical void volume fractions f c and f F .
Tvergaard and Needleman defined f F as the critical void volume fraction at the time of final failure, i.e. when f = f F [8] . The critical void volume fraction at the time of failure is one of the GTN parameters that need to be determined to describe the material properties. Its value differs depending on the material structure and the state of stress. Generally, f F is determined by combining experimental and numerical methods [11] [12] [13] [14] [15] ; the other GTN parameters are defined in a similar way [3, [16] [17] [18] .
Another approach assumes that the critical void volume fraction f F is determined only from experimental results [19] [20] . The value of f F is established on the basis of tensile tests measurements of the void volume fraction at the time of failure. This procedure was used in this study to determine the critical void volume fraction at final failure f F for S235JR structural steel on the basis of the microstructural analysis. In this paper, the problem is considered for two different scales: micro and macro. The analysis at the microscale refers to the process of formation of microvoids due to deformation (GTN model). Since the state of stress has a considerable effect on the ductile fracture of the material studied, the experiments were conducted under spatial stress conditions. The analysis involved determining the range of high initial stress triaxialities for non-deformed specimens. This is a macroscale problem because the failure processes are referred to stress triaxialities. It should be noted, however, that in this study the stress triaxiality was used as a parameter describing the spatial state of stress observed in the analysed elements and, therefore, it should rather be treated in a general way.
Properties of the material tested
A common grade of structural steel, i.e. S235JR, was considered in this study. It is a mild, low-carbon steel used in civil engineering for the construction of buildings and non-building structures, for instance, bridges. Its chemical composition is characterised by the maximum content of elements: C = 0.14%, Mn = 0.54%, Si = 0.17%, P = 0.016%, S = 0.026%, Cu = 0.29%, Cr = 0.12%, Ni = 0.12%, Mo = 0.03%, V = 0.002% and N = 0.01%. Large amounts of impurities are observed in the microstructure of S235JR steel.
The mean yield stress of S235JR steel obtained in tensile tests [4] was R 0.2 = 318 MPa, which was much more than the required value for this grade, R eH = 235 MPa, according to the PN-EN 10025-2 standard [21] . The mean ultimate tensile stress was R m = 446 MPa, while the mean percentage elongation was A t = 33.9%.
Experimental approach to the determination of the critical void volume fraction f F for S235JR steel
As the state of stress has a considerable effect on the failure processes observed in metals, especially S235JR steel [3, 4] , it needs to be analysed extensively. The complexity of the problem was determined by the stress triaxiality parameter, T, defined as:
where: σ m = (σ 1 + σ 2 + σ 3 )/3 -hydrostatic stress, σ e -effective stress.
The analysis dealt with high stress triaxialities determined for non-deformed specimens, i.e. those observed in the initial state; hence the index 0. The initial stress triaxialities T 0 considered in this study ranged from 0.556 to 1.345. Obviously, T may change in time as a result of deformation. The changes are dependent on the initial value of stress triaxiality, but this problem is not analysed here.
The first step of the study involved subjecting specimens made of S235JR steel to static tension. The tests were performed on four types of specimens with a circumferential notch, illustrated in Fig. 4 . Fig. 4 . Geometry of the specimens subjected to static tension under high stress triaxialities
The initial stress triaxialities T 0 determined for different notch radii R ranged from 0.556 to 1.345, as shown in Table 1.   TABLE 1 Initial stress triaxialities T 0 for the specimens tested The experimental procedure applied in this study was based on the original assumption of Tvergaard and Needleman, who defined the critical void volume fraction of a material at the time of failure f F . Its values were determined from the results of tensile tests conducted for U-notched round specimens subjected to tension until decohesion occurred.
The fracture surfaces shown in Fig. 5 were analysed in order to calculate the void volume fraction at the time of failure, with the value corresponding to the parameter f F . The values of f F were determined by analysing microscopically the fracture surfaces of all the specimens (Fig. 4) at magnifications ranging from ×500 to ×5000. The view of a fracture surface in Fig. 6 indicates that S235JR steel underwent ductile fracture. The investigations concerning the critical void volume fraction f F were carried out using the methods of quantitative image analysis. The images of the fracture surfaces were processed to identify the areas covered by voids at the time of material decohesion. The brightest areas in Fig. 6 show the intervoid ligaments that formed before failure. To isolate the void-covered regions, it was necessary to convert the photographs into two colour images. The greyscale was applied as a criterion. The photographs were first binarised to select the brightest areas representing the intervoid ligaments; then, the darker areas (voids) were removed. The image of the intervoid ligaments are shown in Fig. 7 . Fig. 7 . Binarised fracture surface of S235JR steel From the images it was possible to calculate the surface area of the white regions representing the voids. The result divided by the total surface area of the images gave the void volume fraction f F at the time of failure.
As mentioned above, the analysis also involved determining the initial stress triaxialities (T 0 = 0.556-1.345). 120 regions of fracture surfaces on 30 specimens were measured for each value of T 0 (each specimen type). The outliers were rejected using Chauvenet's criterion.
Results and discussion
The analysis of the results consisted in determining the critical void volume fraction f F at the time of failure for S35JR steel subjected to high triaxial stresses. The values of f F obtained for different values of the parameter T 0 are provided in Table 2 .
The values of the parameter f F for all the analysed specimens are high; they range from 0.696507 to 0.773543. They are similar but slightly higher than the typical value, i.e. f F = 0.667, used for many metals, including the steel considered in this paper [3, 17, 18] . The obtained results are also higher than those reported in many studies concerning the GTN material model, i.e. f F = 0.15-0.25 [8, [12] [13] [14] . Another issue is the relationship between the critical void volume fraction f F and the prevailing stress intensity. The values of f F are the lowest for the lowest initial stress triaxialities considered in this study, i.e. T 0 = 0.556, and they increase with increasing T 0. As shown in Fig. 8 , two regions of f F (T 0 ) can be distinguished in the analysed range of the parameter T 0. In one region, T 0 < 0.739. When T 0 = 0.739, there is a change in f F (T 0 ). In the other region, i.e. when T 0 = 0.739-1.345, the relationship f F (T 0 ) is linear. 
It should be noted that the above relationship refers to the initial stress triaxialities, i.e. the state when the elements are not loaded. The process of deformation causes the element to change at the macroscale. The naturally occurring changes in the stress state are not the same as those reported for the material described by the GTN model at the microscale. The values of f F are also expected to be different for time-dependent stress triaxialities. This problem was not considered in this study; being complex, it needs further investigation.
Conclusions
The following conclusions can be drawn from the research presented in this paper: -the values of the critical void volume fraction f F ranged from 0.696507 to 0.773543, depending on the prevailing state of stress; they were close to and slightly higher than the typical value, i.e. f F = 0.667; -there is a relationship between the parameter f F and the initial stress triaxility T 0 ; the higher the values of T 0 , the higher the values of f F ; -the linear relationship f F (T 0 ) for T 0 = 0.739-1.345 can be represented by the approximation function f F (T 0 ) = 0.12 · T 0 + 0.6118, provided that the relationship was determined for initial stress triaxialities not taking into account the changes in the state of stress resulting from time-dependent deformations.
